The effects of acridine derivatives (proflavine and 2,7-dialkyl derivatives, diacridines and triacridines, 9-aminoacridine carboxamides, and 9-anilinoacridine, amsacrine and its conge ners) on overall RNA synthesis in vitro, on synthesis of initiating oligonucleotides and the binding of the enzyme to DNA were studied. The primary mechanism of action is related to inhibition of the enzyme binding to DNA. The acridines (intercalating or non-intercalating and bis-intercalating ligands) assayed here differ in the properties of their complexes with DNA. Correlation is generally observed between inhibition of RNA synthesis in vitro and cytotoxicity in cell cultures for di-and triacridines and 9-aminoacridine carboxamide deriva tives. No relationship was found between the effect on RNA polymerase system and biologi cal effects for amsacrine and its derivatives in contrast to the other series of acridines studied here. The aniline ring seems to decrease the inhibitory potency of a ligand. The discrepancy between the biological effect and RNA synthesis inhibition may be due to a different mecha nism of cytotoxicity action of amsacrine which is a potent topoisomerase II poison.
Introduction
DNA-interacting ligands affect DNA structure and its function in various DNA-dependent enzy matic systems. Analysis of ligand effects includes the mode of ligand interactions, i.e. intercalative or non-intercalative binding; equilibrium binding strength, DNA sequence specificity and the rates of both association and dissociation of ligands (Gale et al., 1981 ). An assay responsive to all of these effects is D NA dependent RNA synthesis, which can be reproduced with high fidelity in cellfree systems. E.coli or phage DNA-dependent R N A polymerase may specifically initiate RNA synthesis at their natural promoters and terminate polynucleotide chains at the proper site in the ab sence of other protein factors. The different se quential steps of the transcription process can be distinguished and inhibition at distinct steps, namely enzyme binding to template, initiation of polynucleotide chain and elongation may be ob served (Sarris et al., 1977, Straney and Crothers, 1987) . In many cases correlations have been shown between inhibition of RN A synthesis in vi tro, cytotoxicity and both the mode and kinetics of 0939-5075/ 98/ 0500-0359 $ 06 .00 © 1998 Verlag der Zeitschrift für N aturforschung. A ll rights reserved. The effect of acridine derivatives on overall R N A synthesis and on pppApU synthesis in the presence of phage T7 DNA were assayed as de scribed by Gniazdowski et al. (1988) except that the incubation time was 10 min. RN A or the ini tiating dinucleotide syntheses were assayed at 2 -4 drug concentrations and expressed as a percen tage of the controls containing no inhibitor. Drug concentrations resulting in a 50% decrease in R N A synthesis (IC 50) or in pppApU synthesis (IA 50) were read from the inhibition curves.
D NA fragments bearing the tac promoter, ob tained either from pKK 2 2 3 -3 or pD R 540 (see above) and labelled with a [32P]dATP using Klenow fragment of DNA polymerase, were used to follow open promoter complex formation ac cording to Straney and Crothers (1985) . Open pro m oter complexes of RNA polymerase were formed at different drug concentrations in 37°C for 15 min. Following addition of saccharose/bromophenol blue/xylene cyanol and heparin, to trap the unbound enzyme, and incubation for 2 min, they were subjected to polyacrylamide gel electro phoresis under non-denaturing conditions. The relative amounts of the promoter-enzyme com plexes were estimated by the radioactivity m ea surements and expressed as a percentage of the corresponding controls. Drug concentrations re sulting in a 50% decrease in complex formation (IO 50) were read accordingly.
Results and Discussion
The acridines studied here differ in the proper ties of their complexes with DNA. The following aspects of the acridine-DNA interaction with re spect to inhibition of RNA synthesis in vitro are considered here: i/ intercalative or non-intercalative binding; ii/ bis-intercalation versus monointer calation; iii/ positive charge(s) of the ligands and equilibrium binding strength; iv/ dissociation rates of acridine-DNA complexes. Three systems are used to approach a contribution of the interac tions: i/ binding of the enzyme to the template; ii/ abortive initiation and iii/ overall RN A synthesis.
Intercalation and transcription
The inhibitory effects of acridines on RNA syn thesis have been related to their ability to interca late. Thus structural distortion of the acridine in 1,2,3,4-tetrahydroacridine derivatives and steric hindrance between the 1-nitro and 9-aminoalkyl groups in nitracrine derivatives have been shown to reduce inhibition of RN A polymerase (Gniazdowski et al., 1982) presumably by impeding inter calation. P F and its 2,7-dialkyl derivatives (Fig. 1) are acridine derivatives monoprotonated at pH 7 (pK a for P F= 9,3) and ideal for the purposes of studying the effect of ligand intercalating activity. (Table I) . To study drug effects on the initiation, the assay of abortive initiation was used. R N A polymerase in the presence of ATP and U T P repetitively syn thesizes pppApU on A l and A 3 promoters of T7 DNA (see Kriebardis et al., 1987 and Gniazdowski et al., 1988 for references). The product was quan titated by the radioactivity measurements and ex pressed as a percentage of the corresponding con trols (Fig. 3) . These data allowed determination of IA 50 values. These results are very close to those obtained in the assay of inhibition of the overall RNA synthesis by the proflavine analogues (Fig. 3) . IC50 values read from Fig. 3 are presented in Table I . In comparing IA 50, IO50 and IC 50 val ues it should be remembered that the concentra tions of DNA in these assays were comparable in terms of promoters. A twentyfold higher DNA concentration in terms of mass unit (and hence in terms of potential acridine binding sites) was used in overall RNA synthesis (IC 50) and abortive initi ation assays (IA 50) than in the binding experi ments.
P F and its intercalative derivatives inhibit the binding of RNA polymerase to DNA at about ten fold lower concentration than DIP and D B P (Ta ble I). The binding efficiency versus drug concen tration dependency falls below the pppApU and total R N A synthesis curves for the intercalating drugs while it is above these curves for the non intercalating derivatives (Fig. 3) (Fig. 4) and with m AM SA and its congeners (see below).
Stability o f the acridine -DN A complexes
An advantage of the series of 9-aminoacridine carboxamide derivatives of systematically varied structure (Fig. 1) 
Effect o f A M S A derivatives
A correlation is generally observed between in hibition of R N A synthesis in vitro (Table I ) and cytotoxicity in cell cultures for proflavine deriva tives di-and triacridines and 9-aminoacridine carboxamide derivatives (Atwell et al., 1986, Wakelin  et al., 1987, Piestrzeniewicz et al., 1990) , However, no such correlation is seen with m AM SA and its derivatives. These are all intercalative ligands that differ considerably in biological activity. mAM SA a potent anticancer drug showing high cytotoxic effects, exhibits the lowest inhibitory effect in total R N A synthesis system of all the acridines studied here except that of its inactive isomer oAM SA (Table II) Table I. chain). As noted above in contrast to the other series of acridines studied here there is no rela tionship between the effect on RN A polymerase system and biological effects for m AM SA and its derivatives. The discrepancy between the biologi cal effect and RN A synthesis inhibition may be due to a different mechanism of cytotoxicity. mAM SA is a potent topoisomerase II poison. As recently found an important factor influencing cy totoxicity of acridine-4-carboxamides is their transport rate through the cell membrane (Pastwa et al., 1998). As with TA2 (Fig. 4) an increase in the synthesis of RN A up to 1 1 0 -1 3 0 % of the control (Table II) is observed at lower concentrations of m AM SA, and its 4-carboxamide congeners (A M SA A C and A M S A E C ). Some increase of abortive initiation is occasionally observed with E B (Fig. 4) and A M S A E C (Table II) 
